Perosomus elumbis, an infrequently encountered congenital anomaly of unknown etiology, was studied in a female Holstein calf. This error of morphogenesis represents a set of multiorgan malformations that produce a deformity of the caudal one third of the fetus. In this case, the spinal and pelvic malformations were radiographed and then dissected. Intra-abdominal abnormalities of the soft tissues are also described. The normal sequential embryologic development of the vertebrate skeleton, anterior-posterior fetal positioning, and neural tube migration are discussed. An extensive literature of this birth defect in cattle (and sheep) is reveiwed. The reports from a period covering 165 years are compared with the pathologic features in this case. Chromosomal aberrations within the homeobox gene family are postulated to be contributory factors in the development of this type of dysorganogenesis.
BRIEF COMMUNICATIONS and CASE REPORTS Perosomus Elumbis (Vertebral Agenesis and Arthrogryposis) in a Stillborn Holstein Calf
Perosomus elumbis designates a set of congenital abnormalities that primarily include agenesis of the lumbosacral spinal cord and vertebrae. It usually also includes arthrogryposis of the hind limbs, characterized by ankylosis of joints, with associated malformations of the musculature. The typical appearance of the spine and hind limbs is depicted here (Fig. 1 ) because the textbooks of veterinary pathology or of obstetrics in the 20th century have illustrated only a whole calf prior to necropsy, but not the skeletal lesions. 1, 4, 33 Known in human teratology since the 18th century, perosomus elumbis in a calf was first reported in the veterinary literature in 1832, when Ernst Gurlt, a German anatomist and pathologist wrote a book on malformations in domestic animals. 12 Forty-five years later, he reported some additional cases of perosomus elumbis, but not in detail. 13 A century later, W. L. Williams wrote a report based on careful dissections of eight cases of this malformation in calves. 39 In the ensuing six decades only one author has dealt with both the embryology and the cause of perosomus elumbis; 14, 15 some textbooks of veterinary pathology have not even mentioned it. Except for Williams, 39 most of the literature has been in German. 13, 14, 17, 18, 22, 23, 40 The purposes of this paper are to describe the lesions of perosomus elumbis in greater detail than has heretofore been reported, particularly the visceral malformations; to relate what can be deduced of the disturbed development of the bovine fetus that leads to these lesions; and to review the literature on this malformation and thus fill a gap of 165 years.
A full-term, stillborn, female Holstein calf was submitted for necropsy to the School of Veterinary Medicine of the University of Pennsylvania. The head, neck, and forelimbs appeared normal. The hind limbs were severely misshapen, characterized by multiple angular limb deformities and abnormally small muscles (Fig. 2) . The torso was shortened; radiographic examination and subsequent dissection revealed that this was due to a decreased number of vertebrae and corresponding ribs. The back of the lumbosacral region was composed of only soft tissues. Lumbar, sacral, and coccygeal vertebrae were absent. The vulva and anus were abnormally apposed. The anus consisted of a patent splitlike orifice that opened into an 0.5-cm blind sac.
Radiographs revealed normal cervical vertebrae. The eighth and ninth thoracic vertebrae were short and their dorsal spinous processes were fused (Fig. 3 ). The 10th through the 13th vertebrae were individually indistinguishable and appeared as a dorsally arching bony mass ( Fig. 4 ). Because of the lack of lumbosacral attachment and support, sagittal collapse with fusion of the wings of the ilia was evident (Fig. 5) . Roentgenologic study of malformed skeletal structures in bovine perosomus elumbis has been reported only once, in Japanese. 19 The radiographs of the present specimens permitted a record to be made of these malformed structures in situ, prior to dissection.
Abdominal dissection revealed multiple anomalies ( Fig.  6 ). Normal-sized ovaries and uterine horns were seen. A blunt-ending, small uterine body was fused caudally to the urinary bladder. The cervix was absent. The distal colon/ rectum was a moderately distended thin-walled blind-ending sac, filled with mucoid brown-yellow feces. This structure was attached to the cranial aspect of the body of the uterus. Approximately 15 cm distal to the renal arteries, the abdominal aorta continued as the right round ligament. No other major arterial structure was evident in this region. There was agenesis of the left kidney. Severe right hydroureter and right hydronephrosis were present. The urethra was the only structure found passing through a severely stenotic pelvic canal (0.5 cm in diameter).
A search for detailed information on perosomus elumbis turned up a plethora of publications. This voluminous liter- ature spanned a period of 165 years, from 1832 to 1997, but there had been only one attempt at a review, some 44 years ago. 14 More recent literature than Williams' reflects a renewed interest in malformations in farm animals. 27 In work supported by Agriculture Canada, Rousseaux pointed out that attempting to define the etiology of such malformations was important, both to detect a mutant gene or alternatively, a teratogenic environmental factor. 35 Rousseaux and Ribble outlined procedures for both a genetic analysis and an environmental one. 36 In dealing with the individual incident they wrote ''Clinical and, if possible, postmortem examination of a defective animal are essential to define the abnormality and to ascertain the time of gestation at which normal development ceased. Often, definition requires the assistance of a pathologist.'' They added ''Estimating the time of cessation of normal development may give important clues to whether the anomaly has a genetic or an environmental basis.'' In the United States, research in Kansas on congenital defects in beef cattle has been supported by the federal Agricultural Research Service 27 but also by cattle breeders, both of dairy and beef breeds (H. W. Leipold, personal communication).
In his larger, revised book on teratology, Gurlt reported five bovine cases of perosomus elumbis. 13 He had only skeletons to study in three; in the other two, aborted calves were available (Table 1 ). In one of the former the lumbar vertebrae, sacrum, and coccygeal vertebrae were missing. A second skeleton had some missing lumbar vertebrae and an abnormally small sacrum. In one of the aborted fetuses a kidney was lacking, and there was formation of a cloaca in which the ureter and colon were joined.
In the United States, Greene et al. reported on two cases in Hereford calves. 10, 11 Jubb illustrated a case in a black calf, presumably an Aberdeen Angus. 25 Single cases of perosomus elumbis in calves have been mentioned and/or depicted in other textbooks (by Arthur, 1 Buergelt, 3 Cohrs, 4 Følger, 8 Joest, 24 Noden and deLahunta, 30 Roberts, 33 S. J. Roberts [personal communication], and Zumpe 41 ), mostly without identification of their breed.
In Germany, in a study of tailless calves, Rieck found several cases of perosomus elumbis, but he did not give their number or their breed. 32 Two of his colleagues reported one case of perosomus elumbis among a group of 20 calves born with arthrogryposis of the hind limbs; 18 other cases were also reported from Germany. 14, 17, 40 In a comprehensive reference book on diseases of cattle, Rosenberger et al. mentioned that perosomus elumbis was not infrequently encountered, but they provided no details. 34 In Italy, Luatti reported perosomus elumbis in a congenitally tailless calf. 28 In South Africa, de Boom mentioned that two cases of perosomus elumbis had ''been seen in calves in this country,'' but he did not say by whom, nor did he mention the breed or provide anatomical details to support his diagnoses. 5 A detailed description of a case in a male calf, which managed to survive for 9 days, was reported from Hungary. 16 Perosomus elumbis has also been reported from Japan in a Holstein calf. 19 The latter had a missing kidney and fused lumbar vertebrae. The spinal cord narrowed in the seventh cervical vertebra. The spine ended caudal to the third thoracic vertebra.
Williams reported the most (eight) cases; unfortunately, he did not mention the breed(s) of the malformed calves nor the prevalence of this condition. 39 He did, however, describe succinctly the skeletal defects in each calf. He also dissected the soft tissue organs within the abdominal, pelvic, and scrotal spaces, and depicted some of the concomitant soft tissue lesions that accompanied the musculoskeletal defects. 39 In Australia, Dennis examined 4,417 Merino lambs, of which 401 were congenitally malformed. 6 Eight of these lambs (2%) lacked lumbosacral vertebrae and some of those (Table 1) had concomitant soft tissue defects. 7 The cause(s) of these malformations were not determined.
Although each of the published cases of both calves and lambs may have varied in the number and type of defects, enough similarities were present that a characteristic pattern of maldevelopment could be discerned (Fig. 1, Table 1 ).
Development of the vertebrate skeleton occurs in three stages. The notochord represents the first supporting structure. During the second stage it exerts an inductive effect on the arcualia, primitive cartilaginous structures that eventually form the neural and hemal arches. These arches ultimately form the vertebral bodies and spinal column. Outgrowths of the hemal arches form the ribs. These cartilaginous structures descend from sclerotomes, which in turn are somitederived. Somites are some of the earliest segmental embryologic structures. The third stage involves replacement of the cartilaginous skeleton with bone. The cartilaginous axial skeleton and later the bony vertebral column replace the notochord functionally. 26 In the adult the nucleus pulposus of each vertebra is a remnant of the fetal notochord. If the notochord is absent, the cartilaginous skeleton can still be present but it appears irregular, evidence that the notochord is not indispensable for vertebral development. 30 Experimental removal of the spinal cord, a neural tube derivative, will cause the complete absence of the axial skeleton or will reduce it to unrecognizable remnants.
The posterior one half of the embryo encounters significant stretching during embryogenesis and an unusual transformation occurs in the posterior part of the neural tube. This transformation involves attachment of the hindmost tip of the caudal neural tube to the blastopore. The neural tube becomes folded on itself because of this attachment, and induces the caudal somites. Embryologically, this time period is called the early tail-bud stage; it is necessary for normal development of the caudal portion of the organism.
Malformation or improper migration of the neural tube during the tail-bud stage, accompanied by partial agenesis of the caudal spine cord may have occurred in the calf of this report. Interestingly, the abnormal development of the caudal nervous and skeletal systems caused positional abnormalities of some abdominal organs, and agenesis within the urogenital and intestinal systems in the calf described here.
Congenital defects can result from disruptive events at one or more stages during the complex transitions of embryonic and fetal development. Birth defects may be manifested in one cell type or organ system or may involve several body systems. In one study of 1,275 calves with congenital defects, 37% involved the skeletal system. 10 However, the multiorgan congenital defects reported here (termed perosomus elumbis) comprised less than 1% of their reported defects. 11 Morphogenesis and normal cellular differentiation must follow a highly synchronized pattern of gene expression and regulation. Ontogenic processes, patterns, and their morphologic outcomes such as the formation of the embryonic anterior-posterior axis have recently been shown to be sequentially directed by the homeobox (segment identity) gene family. 31 Spatial patterning or axis direction is one process by which tissues (vertebrae, spinal cord, nerves) form with predictable morphologies at the proper locations; this is an obligate populational event. Individual cells and groups of related cells (organs) must be conferred both an exact identify (chondrocyte, neuron) and a positional sense (head, thorax). Both zygotically and maternally active genes coordinate the multiple temporal and spatial embryonic patterns that contribute to the developmental process. These patterns are in essence a translation of one-dimensional chromosomal DNA into a three-dimensional organism. Segmentation genes, that is, gap, pair-rule, and segment polarity genes, are active during oogenesis. 9 Homeotic gene activation begins at the blastoderm stage of embryogenesis. 37 Specification of the basic body architecture is determined by the the homeotic genes and their protein products. 29 Hox 1.1 genes are expressed within the developing central/peripheral nervous system, axial skeleton, and in the neural tube from the fourth cervical to the first lumbar area.
Sclerotome cells also express Hox. 1.1 and are the precursors for ribs, vertebrae, mesoderm of the stomach, and later the metanephric kidney. 29 Hox 2.1 and 3.1 also have a regulatory role in conferring cellular memory and positioning of cells along the anterior-posterior axis. 37 Combinations of homeobox genes are expressed differently between the somitic mesoderm, lateral mesoderm, and neural crest cells. 20 Hox 2 is preferentially found in the hindbrain, entire length of the spinal cord, mesonephros, and metanephros, whereas Hox 3.1 is more localized to the prevertebrate and the dorsoventral embryonic axis. 20 Tissue-specific expression (regional localization) of these genes occur during embryonic, postnatal, and adult stages. 2 Deletion or abnormal transcription/translation of the homeotic genes produces a variety of embryonic defects in Drosophila, for example, malpositioning of the body axis or absence of normal posterior structures. 9 Conservation of the homeobox gene family and the detection of similar gene sequences have been discovered in a number of vertebrates including mice and humans. 29 Awgulewitsch et al. found a similar pattern of expression of a fruit fly homeobox gene (Hox 3) in mouse embryos and in adult mice. 2 In the absence of cytogenetic testing in the calf described herein, combined with the rudimentary knowledge of homeobox gene function in mammals, one can only speculate that this calf's malformation occurred during embryogenesis, and may have been caused by a chromosomal mutation in the homeobox gene family. However, the dysorganogenesis and the types of skeletal, nervous, and visceral organ malformations present in this calf can be partially explained by a homeobox gene mutation. Similar work will be required in farm animals utilizing modern genetic testing for chromosomal abnormalities, to confirm or refute the above postulated theory of a homeobox gene mutation as a cause of perosomus elumbis.
Bovine inbreeding has increased the percentage of congenital defects in this species compared to others. Although heredity has been shown to contribute to a number of welldocumented defects, environmentally induced defects can and do occur in any genotype and cannot be ruled out in this case.
Numerous xenobiotics as well as nutritional abnormalities frequently have been shown to be toxic to the developing embryo and fetus. Because of the rarity of this particular defect, it is difficult to expound upon or categorize the possible etiologic factors that may have contributed to this calf's anomalous development. Although the etiology of this malformation is also not known, it was believed by Dr. H. Leipold, an expert in bovine teratology, to be hereditary, at least in the Holstein breed. He encountered 25 cases in this breed during the period 1986-1992 (H. W. Leipold, personal communication).
This review of the literature on perosomus elumbis has shown that it occurs in both sexes in calves (and also in lambs), and in several countries, including Australia, Austria, Germany, Hungary, Japan, South Africa, and the United States. With the exception of E. Joest, most of the veterinarians who published reports were anatomists, 5 embryologists, 26 or obstetricians (S. J. Roberts, personal communication), but not pathologists. Joest was the first to encounter more than one case; he reported on six full-term fetuses in a 4-year period of autopsy findings in the Dresden Veterinary School. A decade later he described the morphologic entity in his textbook of pathology, 24, 41 but his detailed findings were published only in his three earlier papers. [21] [22] [23] The present review may be useful to those conducting research in the newly established specialty of reproductive pathology. The enigmatic appearance of perosomus elumbis in calves, reported since 1832, is a challenging opportunity to determine its cause (or causes).
